Aging in vivo and cell division in vitro are associated with telomere shortening. Several lines of evidence suggest that telomere length may be a good predictor of the long term replicative capacity of cells. To investigate the natural fate of chromosome telomeres of hematopoietic stem cells in vivo, we measured the telomere length of peripheral blood granulocytes from 11 fully engrafted bone marrow transplant recipients and from their respective donors. In 10 of 11 donor-recipient pairs, the telomere length was significantly reduced in the recipient and the extent of reduction correlated inversely with the number of nucleated cells infused. These data provide internally controlled in vivo evidence that, concomitantly with their proliferation, hematopoietic stem cells lose telomere length; it is possible that, as a result, their proliferative potential is reduced. These findings must be taken into account when developing new protocols in which few stem cells are used for bone marrow transplantation or for gene therapy.
Telomeres, the physical ends of eukaryotic chromosomes, are essential for chromosome structure and stability (1, 2) . Telomeres are characterized by specific proteins (3, 4) and by the presence of a large number of highly conserved, tandemly repeated short DNA sequences (5) that, in humans and in other vertebrates, have the structure TTAGGG (6) . The length of telomeres is remarkably variable because of high variability in the number of TTAGGG repeats (7) . Telomeres become shorter during the aging of humans (8, 9) , and during the aging of primary fibroblasts cultured in vitro, as telomere sequences are lost with each round of cell division (10) . Indeed, telomere length has been regarded as a ''mitotic clock'' (11), i.e., as a good predictor of the remaining replicative capacity of human fibroblasts (12) . Telomeres are shorter in adult bone marrow cells than in fetal liver or in cord blood cells, and telomeres become shorter in the progeny of cultured primitive hematopoietic progenitor cells (13, 14) , suggesting that a similar trend applies also to hematopoietic cells.
Sensitive assays for telomerase (15) , a ribonucleoprotein that synthesizes telomeric DNA (16) (17) (18) , have revealed low but detectable activity in human hematopoietic cells (19, 20) , in highly enriched human hematopoietic progenitors (21, 22) , and in purified murine hematopoietic progenitors (23) . An increase in telomerase activity was detected in very early hematopoietic progenitors when they were ''stimulated'' with growth factors (14, 21, 22) . The observations carried out in peripheral blood cells as a function of age (8, 9, 24) and in cultures of hematopoietic cells (13, 14) suggest that this telomerase activity is not sufficient to prevent telomere shortening. However, it is not known whether this also is true of bona fide stem cells because these are not available in pure form. Therefore, telomere dynamics of stem cells can be only studied in vivo, and, because of considerable individual variability in telomere length (24) , in principle it would have to be assessed on individual subjects by using a longitudinal approach; given the low rate of stem cell division, it would take years to complete such a study.
We therefore resorted to analyzing a situation in which stem cell proliferation is accelerated, namely the reconstitution of hematopoiesis after bone marrow transplantation (BMT). Indeed, repopulation of the bone marrow of a myelo-ablated recipient is the most definitive assay for stem cells. In addition, after allogeneic BMT, we have an opportunity to analyze the donor's telomeres in the recipient's blood.
Based on the use of a sub-telomeric probe specific for the long arm of chromosome 7 (25), we measured telomere length in the peripheral blood granulocytes from the donor and from the recipient at the same time. Each pairwise comparison was thereby internally controlled because the donor telomeres were analyzed in each recipient after engraftment. In nearly all cases, the telomere length was reduced significantly in the recipient, suggesting that the proliferative potential of stem cells may be reduced after BMT.
MATERIALS AND METHODS
Patients. Eleven recipient-donor pairs were studied at 4-83 months (median: 23 months) after BMT. At the time of transplantation, five patients were in complete remission from acute leukemia, and six had chronic phase Philadelphiapositive chronic myelogenous leukemia. All patients had received a conventional conditioning regimen based on busulfan and cyclophosphamide. All patients were in complete remission at the time of the study. For a quantitative assessment of long term engraftment, we used cytogenetics and serological tests. In cytogenetic analysis, at least 25 metaphases were counted, and we accepted for analysis only patients in whom all metaphases were of donor type. Serological analysis was carried out by a gel test technique, and no red cells of the recipient's blood group were found. Based on the results of artificial mixing experiments, this technique would easily detect 2.5% red cells of a different blood group. By these criteria, full engraftment was proven in 10 of 11 patients (A-J). In patient K, we had no reliable marker of engraftment, but the patient is in long lasting hematological complete remission, and he remains Philadelphia-negative (Table 1) .
Cell Separation and DNA Extraction. Samples of peripheral blood were obtained after informed consent and at the same time from each BMT pair. Neutrophils were isolated by Ficoll͞Paque (Pharmacia LKB) density gradient centrifugation and recovered from the top of the red blood cells pellet. High molecular weight DNA was extracted by a standard method (26) .
Telomere Restriction Fragment Length Measurement by Using a (TTAGGG) 3 Probe. The method of telomere restriction fragment length measurement by using a (TTAGGG) 3 probe is a slight variation of that described by Harley et al. (10) . In brief, DNA was digested to completion with restriction enzymes MspI and RsaI and subjected to electrophoresis on a 0.6% agarose gel. DNA was transferred onto a nylon membrane (Hybond N, Amersham) after HCl depurination and hybridized in 6ϫ SSC at 50°C with an end-labeled (TTAGGG) 3 probe. The membrane was washed in 3ϫ SSC at 42°C, and telomere signals were visualized by autoradiography.
Measurement of Telomere Length of a Single Chromosome End. The TelBam8 probe is unique for the subtelomeric region of long arm of chromosome 7 (25) . To measure the length of the 7q telomeric fragment (including Ϸ8 kb of subtelomeric region), genomic DNA was digested to completion with BamHI, loaded on 1% agarose gel, and resolved by using field-inversion gel electrophoresis (FIGE Mapper Electrophoresis System, Bio-Rad) with the following parameters: forward voltage 6 V͞cm, reverse voltage 4 V͞cm, switch time ramping in a nonlinear mode from 0.1 to 0.4 sec, and run time 26 -30 h (27) . DNA was nicked by UV irradiation, transferred onto a nylon membrane (ZetaProbe GT, Bio-Rad) under alkaline conditions, and hybridized in 6ϫ SSC at 65°C with the radiolabeled TelBam8 probe. The membrane was washed under high stringency conditions. The length of the BamHI telomeric fragment was calculated by densitometry from the position of the peak of maximum intensity on autoradiograph films. All data represent the average of three determinations.
Statistical Analysis. Statistical analysis was performed by using Fisher's exact test, the Wilcoxon rank sum test, and the linear regression, as appropriate and as stated.
RESULTS AND DISCUSSION
Measurement of Telomere Length by Single Chromosome Analysis. We have used the chromosome 7q subtelomeric probe TelBam8 (25) to measure the telomere length of one end of a single chromosome pair. In this way, we were able to reduce the variation in size of the telomere length that is seen in blots hybridized to a (TTAGGG) n telomeric repeat probe (Fig. 1A) , in which the signal must be attributed to the telomeres of all 92 chromatid ends present in each human cell (184 during mitosis and in G 2 ). This approach is similar to that used for studying telomere dynamics in a human cell line engineered to have a plasmid sequence inserted in the 13q telomere (28) . By using the same technique on DNA extracted from individual single clones of human lymphoblastoid cell lines recently transformed by Epstein-Barr virus (29) , even sharper signals were seen (Fig. 1B) . This suggests that another factor contributing to the spread of hybridization signals is the heterogeneity of telomere length in different cells, presumably reflecting different mitotic histories. To establish the accuracy of this technique, 14 individual DNA samples were run in duplicate. The positions of the peaks of the autoradiography signals obtained in these duplicates were highly reproducible. The average difference in migration for the 14 duplicates, converted to base pair, was 81 (absolute value), and the SD was 80. Therefore, we decided that the difference in telomere length measured by our method between any two DNA samples (⌬TEL) can be safely regarded as significant when it is greater than 321 bp (mean ϩ 3 SD of the values observed in the duplicates). An alternative method for estimating the size of individual telomeres by quantitating the fluorescent signals obtained by in situ hybridization has been reported (30, 31) . This method has the advantage that, in the cells selected for analysis, all individual telomeres are measured; conversely, the method we have used has the advantage that the values we obtained are representative of some 10 BMT places a much greater proliferative demand on stem cells than normal hematopoiesis (32) . To evaluate the effect of in vivo proliferation on the telomere length of hematopoietic stem cells, we have measured in parallel the length of telomere in the granulocytes from BMT recipient and donor. In fact, after engraftment, we are comparing the donor's telomeres in the donor blood with the donor's telomeres in the recipient's blood; thus, each pairwise comparison is internally controlled.
In analyzing clinical samples, we do not have the option of using recently cloned cell populations. However, we did reduce the heterogeneity of blood leukocytes by collecting granulocytes free of mononuclear cells. By this analysis, we found that the average telomere length is consistently shorter in the BMT recipient than in the respective donor ( Figs. 2A and 3A ; P ϭ 0.001, Wilcoxon rank sum test for paired samples). The extent of telomere shortening (⌬TEL, Fig. 2B ) ranged from 79 to 1446 bp, and it was significantly greater than the values obtained in the 14 controls (see above), which ranged from 13 to 256 bp ( Fig. 3B ; P Ͻ 10
Ϫ5
, Wilcoxon rank sum test for unpaired samples). In 10 of 11 donor-recipient pairs, ⌬TEL was above the background threshold we previously set (see above; Fig. 3B ; P Ͻ 10 Ϫ5 , Fisher's exact test). In this series, we have found no correlation between ⌬TEL and donor age or between ⌬TEL and time elapsed since the BMT procedure. In contrast, there was a significant inverse correlation (Fig. 4) between ⌬TEL and the number of nucleated bone marrow cells infused (per kilogram of recipient body weight). Although the majority of nucleated cells infused do not contribute to long term hematopoiesis in the recipient, it is reasonable to assume that their total number is roughly proportional to the number of bona fide stem cells. The simplest interpretation of our finding is that the fewer the stem cells transferred to the recipient, the more cell divisions are needed for reconstitution of hematopoiesis. Consequently, a greater consumption of telomeres takes place.
The donor's stem cells must presumably undergo a larger number of telomere-shortening rounds in the engrafting recipient than have occurred in the steady-state in the donor. According to current estimates, the loss of telomere length is 40-120 bp per cell division (9, 10, 13) . Assuming that shortening of telomeres is indeed proportional to the number of cell divisions, the lowest loss we have measured may correspond to just one additional cell division whereas the highest loss may correspond to Ϸ12-36 additional cell divisions in the recipient after BMT.
Until now, the loss of telomere length associated with the aging of stem cells was inferred (i) from age-related population studies (8, 9, 24) and (ii) from culture studies on bone marrow progenitor cells (downstream of stem cells) (13, 14) . By contrast, this work shows what happens to stem cell telomeres by analyzing them in vivo at two discrete points in time, before and after expansion associated with BMT; the results are in keeping with the previous observations just quoted. Thus, we can state confidently that stem cell proliferation is associated Table 1 ). Each data point represents the average of three determinations. The donor-recipient difference, analyzed by the Wilcoxon rank sum test for paired samples, is highly significant (P ϭ 0.001). (B, Left) A scattergram of the difference in telomere length measured between two aliquots of the same DNA sample that were run side by side; in these controls, the apparent difference in telomere length was 81.5 Ϯ 80 bp (range: 13-256 bp). (Right) The ⌬TEL values for each donor-recipient pair (indicated by a capital letter, see Table 1 ) also are displayed as a scattergram. The broken line across the entire figure (3 SD above the mean of control data) is taken to be the threshold of background of our method of analysis. In 10 of 11 donor-recipient pairs, ⌬TEL is above the threshold (P Ͻ 10 Ϫ5 , Fisher's exact test). Don, donor; Rec, recipient.
with loss of telomere length. This implies that the telomerase activity, which recently has been observed in hematopoietic progenitors and in their various progeny (14, (19) (20) (21) (22) , is unable to prevent telomere shortening, either because it is quantitatively insufficient or because it has additional or other functions (19) . Telomere length correlates with the number of remaining allowable cell divisions in somatic cells (11, 12) , and this may also apply to hematopoietic stem cells (30) . Therefore, our findings suggest that the proliferative potential of human stem cells is decreased after hematopoietic reconstitution of myelo-ablated patients. This is reminiscent of the well known progressive dilution in hematopoiesis-reconstituting cells after serial bone marrow transplantation in the mouse (33-37); indeed, this latter phenomenon could be closely related to telomere shortening.
These observations may have significant practical implications. It is possible that, in normal persons, the telomere length of stem cells is sufficient to support hematopoiesis for a longer time than the average human life span, and serial transplants in mice show that the original stem cell pool of mouse has the capacity to sustain hematopoiesis for several multiples of the mouse's lifespan (32) . In keeping with this, late failure of a well established graft after BMT in humans is rare. However, there is an increasing interest in the transplantation of a reduced number of stem cells [e.g., after expansion in vivo (38) or ex vivo (39) ]. It will be important to determine whether such procedures significantly increase ⌬TEL because telomere length may become limiting for long term hematopoiesis. For similar reasons, the fate of telomeres may be crucial for the outcome of gene therapy protocols in which one or few stem cells are expected to repopulate the bone marrow.
